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Auger Line Shapes as a Probe of Electronic Structure in

Covalent Systems
David E. Ramaker

Deparunent of Chemustry, George Washington ( y, Wash DC 20052, USA

R dS ber 4, 1991 d September 6, 1991

Abstract

Our goal has been to develop a generaily applicable, semi-empincal
pproach for q iy Auger hine shapes for covalently
bonded systems. In this regard we examine four main topics. First, because
the Cimi-Sawauzk® theory was onginally denved for mually filled, single
bands in metals, we present our grounds for applying 1t to I
systems. Second. we examune the problem of unfilled bands, and thard,
h the wap of satellites. The role of satellites are examined
with regard 10 benzene, graphite, and the new catbon material, Cyq, often
teferred to as “buckyball™, Finally we present results of an applicauion to
“carbidic™ carbon on N1, where fund I new 1nf \0n was ob d
g the aud of graphite at higher temp In our dis-
cussions, tesults from the anterpretation of the C KVV Auger hine shapes of
five different gas phase hyd b h cthane, cycloh
benzene, and ethyl five difle solids (polyeth di
e, “buckybali”, and nickel carbides), and &
system (ethylene/N1) are included.

2 sk

Our goal has been to build a generally applicable, semi-
empirical model for quantitatively interpreting Auger line
shapes for covalently bonded systems. This model must
have a balanced validity and be relatively convenient to use,
so that it can be utilized for a wide variety of materials of
technological interest. Our objective is to enhance the suit-
ability of Auger spectral line shape analysis as a source of
electronic structure information.

We know that a complete solution of Schrédinger’s equa-
tion for a two-hole final state in a molecule or cluster gives
an excellent interpretation of the Auger line shape. But this
approach is inconventent, and can only be performed on the
simplest of molecuies. If the nterpretanon of Auger line
shapes 1s ever going to provide a convenient and useful
means of extracting clectronic structure informauon on a
wide range of materials, a theory must be provided which is
widely applicable, convenient to use, and balanced with
regard to 1ts validity and fundamental justification, Con-
siderable progress has been made, but much remains to be
done.

After mually presenting our “balanced” theoretical
approach, [ will examine four topics. More extensive reviews
of jur work have been published elsewhere (1-5}. In
Secuon 2, I will present our intuitive grounds for appiying
the Cim-Sawatzky theory to covalent systems. This 1s
tmportant, because the theory was onginally denved for ini-
tially filled. single bands 1n metais. In Section 3, | examine
the problem of unfilled bands, and in Section 4 the impor-
tance of satellites. We examine the role of satellites with
regard to benzene, graphite, and tne new material, Cq,,
often referred to as “buckyball”, In Section 5, I present
results of an application to “carbidic” carbon on Ni, where
fundamentai information was obtained from interpretation
of the hine snape. Section 6 contains a brief summary and

el b I0AT __ne ~nane pterpretanian

1. A “balanced” theoretical approach

A theoretical prescription for generating the principal kvv
component of the Auger line shape can generally be
expressed by the equation (6],

Lun(E) = BZy, [Puys R Ry, AE + 6,30, AUy, py pe)). (1)

In eqn. (1), the function 4 is the Cini-Sawatzky function, {7,
81

P*P(E)
AE AT 0P = [T STTEY + (8T
which introduces hole-hole correlation effects, and distorts
the DOS self-fold. AU 1s the effective hole-hole correlation
parameters and /(E) is the Hilbert transform,

Qxe' (£)

HE) = | pnensipla)/(E — ¢) de. . (&)

The Cini function, which distorts the DOS seif-fold for
treatment of Auger line shapes in solids will be discussed
more fully below (Section 2). In eq. (1) we 6, 9-11] have
inciuded additional arguments in A to make explicit the
point that the total theoretical kvv line shape is a sum of
componeats, with each /' component (e.g. the ss, sp and pp
components or mofe appropristely each multiplet #+!L)
having an energy shift, 5,;., and a hole-hole correlanon
parameter, AU,,, (these two parameters are defined more
fully in Section 2), and with each component derived from a
foid of the p, and p DOS (e.g. s or p). B 15 a normalization
constant and the R/'s and Py,'s are core hole screening
factors and atomic Auger matnx clements, respectively, to
be defined below.

The factors R, included in eq. (1) are to make the theory
consistent with the final state ruls for Auger line shapes
{12]. The final state rule indicates that (1) the shape of the
individual I's contributions should reflect the DOS in the
final state, and (2) the inteasuty of each II's contnbution
should refiect the electron configurauon of the miual state.
For the xvv line shape, the fina! state has no core hole. In
general 1t 18 assumed that the DOS i the final state and
ground statc arc similar, so that the spectral shape of p,
should refsct the ground DOS. However, the imual state 1n
the kvv process has a core hole, therefore the integrated p,
should reflect the electron configuration of the imual core
hole (CH3j state. The R, factors are defined,

Ri= fﬂcﬂs.t@ de/ J.p:(e) de. @

In most systems, the R, factors are similar so that they are
generally 1gnored. Effectively this 1gnores the “stauc™ effects
of core hole screemng. The R, factors are imoortant ontv
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when one orbital momentum component dominates the
screemng. This apparently occurs 1n many metals such as in
L1 and Be, and 1n the L,; VV hine shapes for Na, Mg, Al
and St where the core-hole screemung is dominated by the
valence s electrons as opposed to the p electrons. However,
considerable disagreement exists as to the dominant screen-
g charge 1n some systems. Tor example, Jennison et al.
{13] on the basis of a semi-cmpirical theory argue that the
core-hole screeming involves mainly the s electrons 1n Be,
while recent calculations by Almbladh and Morales (14]
argue that the p clectrons dominate. Recent resuits {14] also
mdicate that the total Auger rates calculated from wave
functions perturbed by a static core hole are a factor of 2-4
larger than those calculated from ground state orbitals.
Thus static core hole screening is important for all Auger
processes, but it 1s known to significantly alter the Auger
profile just for certain systems. An analysis of the profile can
shed some light on the nature of the core hole screeming
process.

Consistent with our goal to develop a balanced, consis-
tent, and convenient model, we have utilized empirically
determined atomic Auger matrix elements, Py, and usually
an empirical density of states (DOS), p, as well. The latter
also contamns inherent widths, so these are aiso obtained
empirically.

The atomic Auger matrix clements have been calculated
for much of the periodic table within a ore-electron
Hartree-Fock~Slater approximation by McGu.:e [15) and
Walters and Bhalla [16], or in a Dirac-Y:artree-Slater
approximation by Chen and Crasemann 1™ 18). A com-
plete review of calcuiated Auger transition probabilities has
been published [19). We have shown that the ratios
P.JP,,, and P, /P,,, for a filled s or p shell (i.c. s* or p%)
are remarkably constant with Z, the atomic number.
However, companson with experimental ratios reveat that
¢lectron correlation effects dramatically alter these ratios (by
factors of two or more) so that the one-clectron results are
madequate for use in {ine shape analyses. Therefore, either
electron correlation must be included, such as by per-
forming a configuration interaction (Cl calcuiation) or the
one-clectron results must be scaled (5, 20}. For all carbon
compounds we used Py, : Py, Py, =08:0.5: 1 [6).

A basic conceot 1n AES concerns the nature of the density
of states (DOS) -cflected in the line shape. First, it is well-
known that AES samples a site speaific DOS, i.e. the DOS
specific to that atomic with the initial core hole, A seif-” 1d
of the appropnate one-clectron density of states (DOS) on
this site, p(E),

P*AE) = J.p(E ~- eple) de, ®)

then represents a first approximauon to the line shape [21].
Hence. almost all line shape analyses start with a determu-
nation of the one-electron DOS.

We have often used an empirical procedure to obtain the
DOS. Photoelectron spectroscopy (x-ray or ultraviolet, XPS
or UPS) s often used independently or 2 combination of
x-ray emission (XES) and XPS, along with theoretical calcu-
lations Furthermore. many of the molecular orbitals (MO's)
i 1 > aikanes have pnimanly either carbon-carbon (C-C)
v . oon-hivdrogen C~H) bonding character {22] or ¢ or

aaracter tor the atkenes. In the Auger spectrum. it has

z

been shown previously [23] that final states involving these
different MO’s have different hole-hole repulsions. There-
fore, the p DOS must be separated in the pec and pey o1 p,
and p, components. We have given prescriptions for doing
this previously {24, 6].

Several arguments can be given for utilizing semi-
empirically denved DOS, even for simple molecules [6].
First, most one-¢lectron theoretical calculations do not
include electron correlation effects and therefore do not give
sufficiently accurate binding energies. Second, the semu-
empincal DOS include approximatie widths for each orbital
feature. Assuming the XES and XPS spectra utilized to
obtain the DOS were measured at sufficiently high
resolution, these widths pnmanly reflect broadening duc to
the vibrational state manifold of the final state which project
onto the core initial state in XES, or the ground state 1n
PES. The DOS seli-fold, p*p(E) then has twice the vibra-
tional broadening consistent in first approximation with the
Auger two-hole final state,

Matthew has determined that if the core lifetime 15 much
less than a vibrational period, and if the electron-phonon
coupling and linear dielectric response are hnear, then the
widths for photoemission and Auger processes are compar-
able for the case of localized holes in ionic crystals [253. On
the other hand, for rare gases physisorbed on metal surfaces,
the Auger width (FWHM) will be about 3 times greater
than the PES width. Other accurate calculations for the O,
molecule indicate that the Auger width is about a factor of 2
greater than the PES width (j.e. that a PES self-fold is a
reasonable approximation to the Auger widths) [26). Thus
the seif-fold of PES or XES data may not accurately repro-
duce the Auger widths, but it appears to be a good first
approximation to them, at least for molecules when vibca-
tional broadening dominates.

It is important to include the vibrational widths of the
vanious orbital states for a quantitative interpretation of
expenimental spectra, at least for molecules. Often sophist-
cated techniques are utilized to obtain the one-electron
DOS, without considenng the vibrational widths. After cal-
culaung the energies and intensities by theory, a bar
diagram (i.e. zero widths) is then compared with the expen-
mental data. Sometimes a constant broademing of all hnes 1s
utilized. Using these procedures, the presence of satellites
someumes has not even been recognized, parucularly when
the normal kvv line shape accounts for all the major fea-
tures.

The above gives 2 summary of what is meant by a “bal-
anced” approach. To obtain an accurar theoretical many-
body DOS, but thea to ignore the v...ths, or to use the
one-clectron atomic matnx elements, makes the effort in
obtaimng the accurate DOS frutless. To extract meaningful
informatton from the Auger line shape, reasonable DOS,
widths, and atomuc marix elements must be utihized. We
have most often obtaned these empincaily along with
strong theoretical support.

2. The Cini~Sawatzky mode! for covalent systems

The Cini~Sawatzky model has been the basis for under-
standing correlauon effects in Auger line shapes. In clemen-
tal sohds. two parameters determine the degree of
ocanzanon of the CVV (core-valence-vaiencet two-nole
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final state. If the cffecive Coulomb repulsion U,, 1s large
compared to the band width (U,, > T, the line shape will
be atomic-like, if I’ < U,, the fine shape will be band-like. In
systems where U,, = I', both atomic- and band-like co;ntnb~
utons are: evident in the line shape (1¢. correlation effects are
important {7, 8}.

The resuits of Cin1 and Sawatzky were obtained from uti-
lizing the Anderson and Hubbard many-body models. The
Cini expression was derived assuming an initially filled
single band so that it is not rigorously valid for partially
filled bands or degcncratc bands (7). Nevertheless, the Cini-
Sawatzky expression, in the absence of a better altematlve.
has been used for metals, alloys, and insulators, and evén
molecules (i.e. systems for which the bands are not filled and
which have degenerate bands), with apparently satisfactory
results.

The Cini-Sawatzky results can be simply understood by
considering a cluster LCAQ-MO-CI techmque where
molecular orbitals (MO's) are constructed and ruxed in a
configuration interaction (CI) [27). For the moment con-
sider a simple two orbital system which has two holes
present resulting from the Auger process in an initially filled
state [28]. The holes can be descnbed by one-electron
molecular orbitals ¢, = N(f; +/;) and ¢, = N(f; = /)
(bonding and anttbonding molecular orbitals constructed
from + lincar combinaucns of atomic orbitals, f; on atom 1
or 2) with binding energy ¢+ Vand e ~ V (e = (f11HL /)
and ¥V = J2{f, | H| f;> where V is called the covalent inter-
action and H is the the proper Hamiltoman opetator). This
gives the Hamiltonian matnix as follows:

' H
dil2+V+d Uy-Uy
UG-V 26+V+9

where Uyy = (fHrid ) and Uy = (A LIFHA )
Cleatlyf V < U, -~ U 12 very little mixing occurs and the
hole state M.O." ¢ ¢, and §, properly describe the localiza-
tion of the two holes. in this instance the Auger line shape
is molecular-like. If V> Uy, ~ U,,, the mixing of the
configurations 1s complete and the linear combination
8 & ¢ = f3 or £ properly descnibe the localization of the
holes. As such, the line shape 1s atomic-like and gives Auger
ntensities reflecting the DOS on the atom with the core-
hole. If V =U,, - U,,;, of course intermediate mixing
occurs giving both contnbutions.

For metallic behavior, U,,, will be drastically reduced by
electron screening, so that AU x~ U,;. For extended
systems. the parameter & goes to zero. This is the essence of
the Cimi-Sawatzky expression, eq. (2).

Dunlap et al. have generalized these concepts to multr-
clement covalent systems by providing criteria,

©

AO: V<AU,,. A
BO: V> AU, <AU,,,
GO- 7>A4U,, TI<aU,,
EBO- T > AU,,, {Z)

for assessing the nature of localization in covalent systems
where mtermedsate levels of localizauon can occur [28]. In
these systems the jocalizatton can occur onto atomic. bond.
_roun r :xiended band orbitais (AC BO GO. ur EBOI
NOY

=~ masvarnss dlu vdnetearan e n Tuy

Ugg W GO

Ugg-Ugg- = Ugg

BO

£

Y

8

0

N
U?\N
UN

C
o
o

rd

UbbrUber = Ugp

AO

2

0 Upy-Uyo = Ukx

Fig. 1. 1 of the effactive hole-hole repulsions U, U3, and U3,
{U* = AU in q. (2)] and the p Fyor
V for the NO3 amon. GO, BO, and AO refer o group (or cluster), bond
and atomic orbitals, respectively

Here V is the covalent interaction between nearest neigh-
bor AO's and can be estimated from the bonding-
antibonding orbital energy scparation. y is the covalent
nteraction between nearest neighbor BO's and can be esti-
mated from the s and p atomic orbital energy separation. I"
is the covalent interaction between neighboring GO's; for
example, the GO’s are the planer arrangement of three N-O
BO's about a single N atom. (In metals, the extended band
width is determined primanly by V, but mote commonly the
symbol T is used to refer to the extended bandwidth. Con-
sistent with this, I is used in the previous section to refer to
the bandwidths in metais)) U,,, Uy, and U,, are the effective
Coulomb interactions between holes localized on a single
AQ, BO or GO, respectively, and are schemaucally defined
in Fig. 1.

To intuitively understand this intermediate level locahza-
tion phenomena consider Fig. 2. Figure 2, utilizing a sche-
matic one-electron DOS, illustrates the covalent parameters
V, v, and T and the application of eq. (1) with increasingly
larger values of U. p*p in Fig. 2(b) 1s representative of the
Auger line shape provided the o, 0*, =, and =* bands are all
filled and all localization effects are negligible, i.e. AU = 0.
Figures 2(c)-(l) show clearly that distortion effects on each
subband are reasonably independent of the other regions of
the spectrum untl U is sulficiently iarge to encompass these
other regions. For U = 0.1-1.5¢V, no significant distortion
effects occur indicaung the EBO's best describe the final
state holes. For U = 1.5-2.5¢V, the various I’ (I = ss, sp,
etc.) subbands are distorted mto narrower resonance-like
fezuum mdicanve of localization onto single GO's.

= 2.5-4eV causes muung of bands with bonding-

anubondmsz character and demonstrates locahzauon unto
Avnrd on atamie arpnaic LA I the wntinamaia -
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Fig. 2. (a) Schemauc one-electron DOS, p, and an illustration of T', 7, and
V as defined in Fig. 1. Here ' w 2¢V, 7 w 5¢V and V w 30eV, (b) Com.
panson of p*p (dashed line) and the Hilbert transfosm, I(E) (solid hine).
(c)}4) Companison of p*p (dashed hine) with A(E) (sohd line) obtained from
utihzing eq. (2) with the Us indicated

are emply, as in most covalent systems, localization onto
the atonuc orbitals will not occur because the mixing in of
empty orbitals means the final state holes are being screened
by other electrons and hence the effective U is decreased.

Now consider diamond. It is well known that the best
starting pomt for considering the ocenpied DOS in diamond
1s to consider a linear combination of bond orbitals, since
the bonding and anuibonding ¢ bands are so far removed
cenergy from one another (they are separated by a large band
gap). Thus, we can say at the outset that AU,, < ¥ (the
AO-AO interaction parameter), and we will not have
atomic localization such as that seen in the metals discussed
above. What about BO localization? The one-electron DOS
for diamond has the s and p dominated peaks scoarated by
more than 10eV [29). These s and p DOS arise from the
clustering of {four bond orbitals about each C atom having s
and p symmetry (actually a, and t, symmetry in the point
group for tetwrahedral symmetry, Ty If the s and p bands
can be treated as separate bands, ie. AUy, <y {the BO-BO
covalent nteraction parameter), then we do not have BO
locatizauon. This leaves us with GO localization, which 1s
proposed for diamond.

We can state this tn another way. When the **!L muiu-
plet contnbuuions ansing from the GO's are resolved suffi-
ciently so that separate features are visible. we can speak of
BO locaiization, since these separate features then core-
spond to configurauons of holes on the same or different
BO’s When the multiplets are not sufficiently resoived we
soeak of GO locaiizauon. In this case, the same *S*'L

jeitiptets ansing trom different bands decouole, una the

bands can be treated independently {e.g. the ssi*S) and ;

pp(*S) multipiets decouple]. Furthermore for small Us, the
different 25*'L multiplets arising-from the same band
apparentiy can be averaged together to give an effective ss.
sp. and pp contribution (¢.g. the 'S and D multiplets from
the pp contribution can be summed before applying the Cini
expression).

We can generalize this picture for the hydrocarbons.
Examination of the wavefunctions for most hydrocarbons
show that the MO’s can bast be considered as hinear com-
binations of CH, GO's {22]. It follows that for most of the
C based ‘vsiems, GO localization is the best qualitative
picture for characterizing the locahzation.

Analysis of the Auger profiles and bonding 1n covalent
systems indicates that a correlation exists between the tonte
bonding character and the nature of the localization. As the
bond orbitals polanze from say atom N to O 1n an NO,
type cluster in Fig. 1, Uy, increases, and y decreases. The
increase of Uy, relative to y raises the extent of BO locahza.
tion. We conclude that increasing BO ionicity increases the
character of the localization from GO to BO. Thus the more
iomic BeO, [30] BN ana B,0O, [31] solids can best be char-
acterized as exhibiting BO localization. The silicon tetra.
halide molecules, SiX,, exhibit BO localization, consistent
with the large Si-X electronegativity difference, in contrast
with CF,, which does not, consistent with the smaller elec.
tronegativity difference here {32]. The oxyanions NO3 [33],
PO}~ and SO3~, regardless of cauon, exhibit GO localiza-
tion 728]. In this latter case, it is expected that the holes
canr.. get off of the oxyanions where *hev were created by
r " L,y VV process, so that GO calization 15 a ‘an
..compli. The Si L,y VV profile for 5.0, exhibits struciure
sumiar to that for the SiX, molecules, so that it also appears
to exhibit some BO localization character {27).

The application of the Cini expression to the empirical
DOS for molecules is another approximation requiring
further justification. This 's problematic since the empincat
DOS contain the vibrati..nal broadening which has nothing
to do with the correlation problem. However, vibrational
broadening is also present in the empirical DOS for solids;
it just is not as evident since banding cffects dominate.
Extended covalent solids contan banding effects which also
do not dictate the correlation. To illustrate this, let us con-
sider the DOS for benze with that for graphite The local

_sp* bonding around each € atom 1s essentially the same and

this is reflected in the similar gross features 1n the DOS. The
small differences arise because vibrational effects dominate
in benzene while banding effects (i.e. second, third etc.
nearest neighbor interacuons) dominate for graphite.
However, the principal correlation effects are determined by
the local bonding. Thus neither the extended banding effects
in graphite nor vibrational effects in benzene (both broaden
the major DOS features) determine the correlation distor-
tion. It has been shown that the Cini expression mimics the
sffects of a configuration interaction for molecules. Thus. we
intuitively expect that the Cini expression has comparable
valid:ty for molecules and covaient solids. This is true pro-
vides the separation, AE. between the molecular levels is
small compared with the vibrational broadening, AV This
does appear to be true for the molecules such as benzene.
hexane. and larger molecuies. but may not be appropnare
‘or sthviene. etc. involving three or less caroon atoms In
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Fig. 3. (3) Comgatison of the C KVV exp | (343 and th |
Auger lines shapes for benzene (from Ref. {6)). (b) The total theoretical hne
shape and each of the components a3 indicated. The vanous contnbutions
(kvv, kwevvy, kavvy, keev, ke-evy) were obtained as described 1n the text,
and having AU's, §'s and relative intensities as indicated 1n Tables | and .1~

these smaller molecules, multiplet. are also more important,
so that this approach is certainly not completely satisfactory
for th:ose small molecuies (6].

Figures 3 and 4 compare the optimal total theoretical line
shape with the experimental line shapes for ethylene and
*enzene [34]. In general, the theoretical line shapes gener-

ied by the formalism described agree nicely with the
wpenmental line shapes. Similarly good agreement is
obtained for other gas phase molecules not shown, : = ror
methane, ethane and cyclohexane (6], Table I summacs
the AU and & parameters for the principal kvv components.
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[ C.H,(gas)

b
=
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=
C,H/NI(100}
< 2t 4
= 100 K ‘,Theo
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AD = ]
50 40 30 20 10 Ey
BINDING ENERGY (eV)
Fig. 4. (2) Same a3 for Fig. 3 but for ethyiene gas (34] (b) Comp of
the expenmental and theorencal Auger line shaves for ethylene chemn
sotbed on Ni(100) at 100K (x-bonded eihylene). The izree component (VV,
Vx*, x*x®) line shapes wers obtained as described 1n the text and n Ref
(63] The relstive intennties were obtained by least squares fit to the
expenimental data. (From Rel [63])

70 60

stood from the definition of AU = U,, - U,,. For very
short screening leng:hs, one might expect both U,, and U,,
to be reduced substantially, so that AU would be decreased

Companson of the AU’s for molecules and extended —(10]. For long screening lengths, one might expect Uy, to

solids in Table I indicates something about the nature of the
screening processes in these covalent systems. Note that the
AU for the CC—CC contnbution inczeasez .n the order
cyclohexane < potyethylene < diamord. This can be under-

be decreased more than U, ,, having the effect of increasing
AU. Apparently the latter is occurning in these matenals.
The longer chain length in poivethylene and full three
dimensional covalency in diamond suggests that the extent

Table I, Summary of AU and & parameters ob.ained empirically for the theoretical kvv line shape*

Motecule AU (V) & (eV)

Alkanes CH-CH CB=CC cCc~CC CH~CH CH=—CC cC—CC
Methane 0 12

Ethane 1 H 0 12 10 10
Cyclohexane 3 3 128 9 9 9
Polyethylene 3 3 1.28 0 0 0
Diamond 2 [}
Alkenes go ox 7 oo ax n
Ethviene 2 t 0 9 1 H
Benzene 2 1 0 8 6 6
Graohite 2 t [ ] 0 0
“Buckvoall™ 2 1 0 0 [ 0

* “rom Ret 161
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of polanzauon should increase in the order cyclo-
hexane < polyethylene < diamond. This increased polanza-
ton then has the effect of increasing AU. For the alkenes,
the AU’s are all the same. This suggests that the screening
length 1s much shorter so that “full” screening already
occurs 1n ethylene. This 1s consistent with the more delocal-
1zed n electrons in the alkenes.

The J parameters 1n egs (1) and (6) are interpreted as the
delocalized hole-hole repulsion {6, 28]. As the size of the
moiecule increases, Table I shows that § decreases, reflecting
the abibity of the two final state holes to stay apart from
~ach other in the delocalized molecular orbitals. Note also
that for similar sized molecules, the §s for the alkenes are
smaller than for the alkanes. This may reflect the increased
screening due to the n electrons. Note that the §'s are zero
for the extended solids, as expected, although a controversy
has existed for polyethylene (the problem has ansen from
energy calibration problems which will not be discussed
here 35, 36).

Cim has recently applied the BLA theory (to be discussed
briefly 1n the next section) along with the full multiplet and
intermediate spin-orbit coupling theory, without further
simphfying assumptions, to the C KVV line shape of graph-
ite [37). The theoretical line shape he obtained was amaz-
ingly similar to that obtained empirically by us [10], when
we ignored the multiplet decomposition and applied the
Cini expression directly to the full ss to the ss, sp and pp
contnbutions {10]. It seems clear that the approximations
discussed above are indeed valid for these carbon based
systems when the correlation effects are not too dramatic.
Altaough the theoretical line shapes obtained by Cini and
us were nearly the same, the resultant U’s were very differ-
ent. We mtially found U’s of 0.6, 1.5 and 2.2¢V for the nx,
an, and oo components [10] (in a slightly different pro-
cedure we (6] obtained the values in Table JI namely 0, 1,
and 2¢V), while Cini found values of 5.5, 11 and 11eV.
What can account for these dramatically different U’s but
with the same line shape? The AU's reported in Table { are
nterpreted as U, — U,,, ie. appropnate for group or
cluster orbntals as discussed above, and these values are rea-
sonable in this context. 1 suspect the U’s reported by Cini
represent the single center Uy; on a single carbon atom or
cluster orbital, and thus are also reasonable. Nevertheless
more theoretical work needs to be done here to more funda-
mentally understand the U parameters obtained for highly
covalent systems.

3. The problem of unfilled bands

Within the approxmmation discussed above, covalently
bonded systems generally have mitially filled bands. This 1s
parucularly ‘rue for the ¢ bands, which are generally far
removed from the o* bands. On the other hand, the separa-
tion between the 7 and =n* bands is much smaller, so that
the 7 and »* bands together may have to be treated as a
single band. In this case the 7 band 1s half-filled in the imual
state, and many additional complicauons enter. Sawatzky
has presented a sumple illustration for nearly half-filled
sands snowing that the usual theory 1s totally inadeauate
or menlv correlatea svstems in this case. and that even

Some theoretical work has been reported for initially
unfilled bands by Treglia et al. [38], Cini et al. [39-41] and
Licbsch [42]. We briefly summanze some of this work.
According to Treglia et al. the Cini équation is still applic-
able for nearly filled bands (i.c. low hole density); however.
AE) must now include the self-energy effects. In this pre-
scription, p(E) might be determined from the measured pho-
toemission spectrum which includes static and dynamic
screenung  effects, etc. (the latter introduces satellite
contnbutions) {43]. Cubiotts et al. {44] applied the model of
Treglia et al. to consider the XVV spectra of several alloys;
unfortunately, they did not compare their resuits with
experiment to verify their findings. However, Cini et al.
suggest that within the ladder approximation, the undressed
or bare one-hole propagator is more appropriate (this has
become known as the bare ladder approximation, BLA)
[41). Cini has concluded for Pd {40] and graphite [37],
both possessing unfilled bands, that the Cini expression can
satisfactorily be utilized with the undressed DOS, provided
AU is treated as a parameter to give an optimum fit to
expenment, and the correlation ¢ffects are small. Appar-
ently, the two holes tend to interact more as bare holes
because the size of their screening clouds is ldrger than the
range of hole-hole repuision. Bennet et al, {43] have intro-
duced a procedure which temoves any photoemission satel-
lite contributions so that the undressed DOS might te
approximated empirically assuming the remaining static
screeung effects are relatively small. We believe that Cini's
bare ladder approximation is, at last qualitatively, able to
handle all situations. Treglia’s approximation may also be
adequate provided the satellite contributions are removed.
Which of these approaches is better is however not yet clear.

To intuitively understand some of the additional com-
plications which arise for half-filled bands, and how negative
U's may enter, we consider again the simple diatomic mol-
ecule as in eq. (6) above, and compare the case when the
band 1s mitially full on the left and when the band is half full
on the nght:

Full Half full
Inutial state ¢§ ¢ ¢t
Final state i empty
Matnx element  (1sikIriy' (160 <¢x¢:]’ 2 [1skD
()

The ts and ki refer to the core and continuum orbutals
invoived. The Auger matnix can be written in either the hole
picture or the electron picture; ie. we can enumerate the
electrons or the holes. Obviously, on the left, it is better to
consider the holes, while on the right better to consider the
clectrons, because in either case we then have an empty
band: empty of holes in the itial state on the left, and
empty of electrons in the final state on the right. Therefore,
we need to worry only about final state hole-hole inter-
action on the left, and initial ssate electron-electron inter-
action on the nght. This inutial state clectron interaction on
the nght will increase the initial state energy, thus increasing
the Auger kineuc energy, and make the conventional U
parameter come out negative. For U > W, the two electrons
will remain on separate atoms (anuferromagnetic), and the
Auger mntensny goes to zero for less than one-half filled
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both the intensity and the profile. This 1s to be expected,
since by the nature of the sum rules, the mitial state must
always determine the total intensity [12].

We have previously applied these intuitive ideas by uti-
lizing the Cini expression as depicted in Fig. 5 where the
final state aud the 1nitial state rule prescriptions are com-
pared {45] In the initial state prescription, appropnate for
less than or equal to half-filled bands, the Cini expression is
applied to the entire DOS, occupied and unoccupied por-
tions. As U increases the occupied DOS self-fold'is distorted
upviard by a negative U and the total Auger intensity
(shaded area} ¢ creases. This is in contrast to the final state
case. where the Jitortion is downward, and the total inten-
sity 15 conserved becauss 1t 1s applied only to the occupied
part. The upward distortion in the less than half-filled case
occurs because the Auger process tends to selecy those elec-
trons which exist on the same atom in the initiai state. :

Ewvidence for negative U effects have indeed appeared in
the Auger lineshape of covalent systems involving the =
bands. The nn Auger contnbution for the benzene molecule
shows an upward distortion {45]. It is believed this arises
because the total « band (bonding plus antibonding) is half
filled in benzene and hence a negative U is appropriate
within the mitial state rule. Ramaker also has shown that
the nn contnbution arising from the reconstructed clean
diamond surface within Pandey’s n-bonded chain model can
be explained by a negative U, which strongly reduces the nx
contribution vs. the on coming from the surface [11].
Finally, some very interesting correlation effects have been
observed in core EELS spectra for Ti and V metals which
suggest similar effects (46].

The existence of negative Us has also been observed for
the transitior metals on the left side of the periodic table, ie.
with fess the- half-filled 3d bands. Indeed, the U becomes
increasing negative as the band becomes more unfilled [47].
Negatve U's have also been found for some transition com-

FS Rule 1S Rule
{Band > 1/2 {liled) (Pand S1/2 tited)

NE)

. Z1

CiNeN)

u>o u<o

Fig 5 Schemauc illustration of the final (FS) and tmual (IS) s1ate rules
applied 10 a singie-band rectanguiar DOS. N(E) with greater and less than

____Mwiumndv The DOS seif-fold N*N and the Cim
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pounds, such as CrSe, and TiSe, [47]. Different suggestons
have been given to account for these negative U's. DeBoer
et al. [47] suggested that the negative U’s were caused by a
dynamic bipoiaroa effect involving the conduction electrons.
Others have proposed that these are caused by the potential
of the core-hole in the initial state, i ¢. due to edge or non-
orthogonality cffects (48, 49]. Ramaker et al. have argucd
that for the low electron density limit, ie. nearly empty
bands, the negative U values can be interpreted as ansing
naturally from correlation effects in the nitial state as dis-
cussed above [45, 46].

We can summarize these intuitive discussions as follows
[13:

(a) The final state (1e. ground state for CVV processes)
DOS is the most appropriate one in nearly all cases.

(b) 1t is best to use the uncorrelated DOS, or the corre-
lated DOS but without the satellite contributions. Agree-
ment on which of these is best has not yet been obtained.

(¢) For nearly filled bands, the Auger profile apparently
reflects the multiplets from hole-hole coupling in the final
state that gives the usual positive Us.

For significantly less than half-filled bands, the Auger
profile reflects the multiplets of the electrons in the mtial
state, that gives negative U’s in the usual sense.

(d) The initial state determines the total intensity n all
cases, For less than half filled bands, electron—electron coup-

.ling is critical to determining this intensity.

It seems clear that much more rigorous work is required
to sort out these complicated correlation and screening
effects for initiaily unfilled bands. We anticipate much more
work in this critical area in the near future.

4. The importance of sateilites

‘The presence of satellite contnbutions in the Auger spectra
of molecules and free atoms has been known for some time,
but their importance (at least in solids) has been recognized
only relatively recently [6, 50-54). It has been shown that
the prorzsses producing these satellite contributions are res
onant excitation, initial-state shakcoff and shakeup, anc
final-state shakeoff and shakeup (6].

The process creating each satethte 1n the lineshape 1s illus-
trated in Fig. 6. The notation indicates the particles in the
initial and final states before and after the hyphen {6]. Here,
the “k" refers to the imtial s core hole, the “¢” to the reson-
antly excited bound electron, and v or n to a general valence
(Wor more speaifically n-valence) hole created either by the
“shakeup” or “shakeoff™ process or by the Auger decay. The
principal Auger process is indicated without the hyphen
{kvv rather than k-vv) consistent with that used histoncally.
We use kvv to indicate tlus principal or normal Auger con-
tribution to differentiate st from the total KVV expernaental
line shape.

In Fig. 6 ke-vve refers to the resonant Auger sateilite. It
anses when Auger decay occurs in the presence of a local
1zed electron, which was created by resonant excitation into
an excitouc or bound state upon creauon of the core hole.
The ke-v contnibution anses when the resonantly excited
electron paruicipates in the Auger decay. The kne-vvne and
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Fig 6 Summary of the vanous processes miving nse to the total Auger line
shape. Core. VB, “c” and CB indicate the core level. valence band for filled
bital " (usually x*) el orbital. and cond band (or
empty p ly. Spec. (sp and part, (partiapant) indi-
cate the fate of the ly excited electron dunng the Auger
process. Ls. and [s. indicate :minial-state and final-state and refer to the
state in which the shakeoff event occurs relauve to the Auger decay. N°N
and N (N = p i eq. (1)) refer to the approxumate hine shape, s ¢. ether 2
DOS seif-fold, or just the DOS, wath the relative size of AU 1n the Cini
(9. (2)} ind d. The satellites oocur only under elec.
tron excitation. At the bottom, the presence (yes) or absence [either defi-
nitely not present (no) or not evident (n.c.)} of each sateilite 13 indicated for
benzene, graphite, or C60. The presence of a smail k-vvxe sateliite for
graphite 18 indicated but not clear

iraled

shake-up upon filling the core hole dunng the Auger
process. The kv-vvy satellite arises when Auger decay occurs
in the presence of a localized valence hole, which was
created via the shakeoff process duning the 1nitial ionization.
Ta.« shakeup or shakeofT of a valence electron is an intrinsic
phencmena resuiting from the “sudden” change of the core
hole potential upon iomzation. The k-vvv term denotes the
final state shake Auger satellite, which anses when Auger
decay occurs simuitaneously with shakeoff of a valence hole.
These latter five terms arise as a direct result of core hole
screeming. The ke-vve and ke-v terms anse because the
Auger process is generally exaited by electron excitation
which allows the resonant excitation.

In light of the above, the line shape apparently consists of
the sum of several ntensities, namely that of the pnncipal
kvv contnbution plus several satellites. The relatuve mten-
sines of the satellites are generally obtained by least squares
fit of the several line shapes to the expenimental spectra [6,
501. The results for benzene, ethylere, and Cqq are shown m
Figs 3. 4 and 7, respectively. The *esults in Fig. 4 for ethyl-
ene and :ne conclusions concerning the importance of satel-
lite contnbutions utilizang the semi-empirical method 1s
totally consistent with recent ab-initio Green's functions
results reported by Ohrendorf et al. {55].

Figure 6 schematically indicates how we generate the line-
shape for each satellite and compares the presence of these
satellites for benzene, graphite, and Tgqp. Table H sum-
manzes the intensities of cach satellite for all the carbon

systems studied. In Fig. 6, N*N indicates the normal DOS _.

seif-fold weighted with atomic matnx clements and with the
opumal U's and/or o's included [ic. eq. (1) with the U's and
o's n Table 1].

The ke-vve hneshape also reflects a DOS seif-fold but

CKVV Ceo

INTENSITY (Acb units)

-
—'/'“’.. .-><
-45 40 +35 <30 -25 <20 15 10 5 O 5
BINDING ENERGY {8V rel. HOMO)

Fig. 7. Companson of the C KVV expenmental and theoretical Auger hine
shapes for C¢o. (From Ref. [56).) The kxe-vx (is. SU/part) and k-vvre ifs.
SU) satelites were shifted by +55 and —~55¢cV respectively consistent
wath that indicated by the C Is XPS data [60) The relative miensities are

@wvenn Table 1l

holes. The ke-v lineshape in contrast reflects directly the
DOS; however, shifted by the binding energy of the excited
electron (6). The resonantly excited satellites appear only
with clectron exaitation, and are clearly present for ethylene
and beazene (Figs 3 and 4). They do not appear in graphite
or Cqo because the resonantly excited electron propagates
awzy from the core hole before the Auger decay. This is
evideat from companson of the electron excited and x-ray
excited Auger lineshapes, which are identical for graphite
[10] and Cgo [56-58], but not for benzene (6],

The initiai and final state shakeup satellites enter with
large 1ntensity for C4q. They are not evident in benzene nor
the aikanes, because the shakeup probability .s significantly
smaller, as indicated by the C 1s XPS spectra, and because
at least for benzene, the resonantly excited contributions are
larger and appear in the same cnergy region. The kne-vx
satellite appears in graphite, but only with small intensity,
and only from shakeup right near the Ferm1 «evel (i.c. excita-
tion of electron-hole pairs across the negug. ly sinall band
gap) [59]. The higher eusrgy = to =* excitations are appar-
ently not sufficiently localized in graphite to cause a satel-
lite, but they do appear quanttatively in Cqo. C 1s XPS
data reveals a shakeup sateilite of about 5 + 10% with a
shakeup energy arouqdms.é 5v for Cgo [60]. Simple calcu-
lations reveal that !hTs,\éec&ox\ should participate in the
Auger decay about 47% of the time giving a theorecal esti-
mate for this satellite intensity of 006 1n ekewl agreement

Table H. Summury of satellite intensities in percent®
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kvv® kev kewve kaevk k-vvre kvevwy  k-vvy

Methane 51 0 12 0 0 20 17

Ethane 2 0 12 0 0 21 15
Cyclohexane 54 0 8 0 0 19 19
Polyethylene 67 3 u 0 0 17-21 0
Dramond 100 0 0 0 0 0 0
Ethyiene 0 2 13 0 0 20 15 H
Benzene 6 1 $ Q 0 2t 16 !
Graphate 93 0 0 7 0 0 0
“Buckyball” 67 0 0 16 18 0 0

* From Ref. {6} '
> Lociudesias af kze-xyne satclltc which has same bnash
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" with that found expenimentally (Table II). Furthermore, the

final state shakeup k-vvze satellite should then appear with
0.23 mtensity [0.35%(1 ~ 0.85)), slightly larger than the 088
found expenmentally.

We note that the relative intensities of the kv-vvy satel-
hites for the 6 molecules listed in Table I are essentially all
around 20% to within experimental crror {63, Methaue 1s
1soelectronic with the neon atom. The shakeoff probabihty
for neon has been both measured and calculated to be
around 21%. This 1s in excellent agreement with that found
for all of the carbon systems [61, 62]. Table II shows that
the empincally determuned intensity for the k-vvv satellite 1s
quite constant around 17% in close agreement with that
expected theoretically {i.e. 0.21*(1 — 0.21) = 0.17].

The kv-vwv satellite does not appear in graphite,
diamond. and C,, because the shakeoff valence hole is not
sufficiently localized to witness the Auger decay [10, t1, 56].
In the presence of a core hole, the occupied valence band
DOS of diamond indeed does not exhibit any bound states
[9]. on the other hand, the DOS for polyethylene in the
presence of a core hole does exhibit narrow peaks indicative
of bound-like states, consistent with the the kv-vvv satellite
observed for polyethylene. The k-vvv final state shakeoff
satellites are not evident (although surely present) for the
solids because these are removed along with the extrinsic
loss contributions in the deconvolution process utilized to
generate the lineshape.

In summary the correlation effects 1n benzene, Cyq, and
graphite are the same. The Is™!n* resonant and 1s~!v~*
shakeoff excitations are delocalized in times short relative to
the core level width in both graphite and Cyo; however, the
1s™1n~!x* shakeup excitation is localized in Cqo, but not
graphite. Finally no evidence exist for local spin ordering of
the n electrons in Cec. as seen on the surface of diamond
(see Section 3). We might have expected this hecause of the
reduced non-planar p-p interaction in the n band of C60,
but apparently this reduction 1s not significant {56).

5. Moleculsr adsorbates

Once a molecule is placed on a metal surface, localization of
the hole on the molecule 1s no ionger a fau accompli. The
hole can escape via electron transfer from the substrate, ic.
charge transfer. It is therefore interesting to compare the
Auger spectrum for the free molecule with that for the
moiecular adsorbate.

We consider 1n detail here the results for ethylene/Ni at
100K. Figure 4 compares the Auger line shape for gas phase
C,H, with C;H/N1 at 100K (ie. for n-bonded ethylene)
(63). The spectrum in Fig. 4(b} was exaited by x-rays, so
that no resonant satellites appe ar. Charge tcansfer from the
substrate 1nto the n* orbits. owcurs to screen the holes, in
both the core-hole mmtia) siate /nd the two- or three-hole
Auger final state. This charge trousfer has the affect of
decrsasing the AU and 6 parameters; the transferred charge
playing the role of the resonantly excited efectron n the gas
phase {63] Thus the kvv and kv-vvv contrnibutions which
compnse the intramolecular component (te. tenaed the VV
component} for the chemisorbed state are siqular to the
ke-vve and kvvin the gas. The Vz* componeat is simstar to

" T Atiger Line Shapes as a Probe of Electromc Structure in Covalent Systems ~ 9
~—

imated in Fig. 4(b) by the Ni L, VV Auger line shape.
Although the latter two components are facilitated through
an intra-atomic Va* and x*n* Auger process, respectively,
they uitimately appear inter-atomic in character because
one or both holes uitimately end up on the substrate {63).

The relative intensities of the three components can be
upderstood within the final state rule. The electronic con-
figuration per carbon atom 1n the ground state of chem:-
sorbed ethylene, assuming charge neutrahity, 15 nomunally
o°z*~*n**, where the x indicates the = bonding and »*
back-bonding charge transfer involved in the interaction
with the metal substrate. Upon creation of the core hole, we
expect that the valence eiectronic configuration assuming
charge neutrality, becomes a3z*n® or V42*’, where y 15 the
net charge transfer in the presence of the initial core hole.
The relative intensities of the components, VV : Vr*: r*x*
should then be 16: 8y : ¥, or upon including the P, matrix
clements 13:7y:y%. Best agreement with the results
obtamned from the fit to the experimental line shapes
(56:34:10, total normalized to 100) is obtained when
y = 1.3, which gives relative intensities of 55:38:7 {63].
The 1.3 total electron transfer is consistent with the 1.3 core
hole screening clectrons found in benzene as determined
from ab-initio theoretical calculations [64].

Sinular interpretations of the Auger line shapes for
ethylene/Ni at different temperatures have been reported by
Ramaker ez al. [63, 65]. Most interesting of these resuits 1s
the evidence that the line shape at 600K is not representa-
tive of a true carbide, since considerable C—C bonding
character is reflected in the line shape. Similar C KVV
Auger data reported by Caputi et al. reveal further changes
in the line shape around 620K [66]. Quanutative interpre-
tations of these data suggest that the amount of C—C
bonding character decreases at this temperature [65].
Recently, CEELS data has shown that the C—C bonding
below 600K carresponds to C, (1 mostly cqual to 2) hon-
zontally bonded to the surface, and that above 620K a sig-
nificant fraction of the C, dissociates; however, at high
coverages, some of the C,’s flip up vertical to the surface
[67). Comparison with theoretical calculations [68] and
additional expenimental data indicate that these verucal C,'s
serve as precursors to the graphite nucleation sites [67].

6. Summary and thoughts for the future

In summary, the chemical effects seen in the various expen-
mental C KVV line shapes do not anse from one-clectron
effects, but rather from many-body correlation and screen-
ing effects. This is apparent because the DOS self-folds are
very simular to each other, in contrast to the experimental
line shapes which reveal sigmificant differences. Thus the dif-
ferences seen between graphite and diamond fir example
result because diamond has just the o orbitals with a single
AU, graphite has both ¢ and x orbitals with differeat AU’s
for the ga, on and =z holes. The differences between
benzene, diamond, and Cg, arise pnmanly from the differ-
ent satellite magnitudes present. On the other hand, the
hole-hole correlauon and cepulsion effects are much dimin-
1shed for chemisorbed systems because of metallic screening

from the substrate. In the chemisorbed case. and onty 1n this
RV-Auae-lins-shaps-saficctsthe DOS selflald
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The review above of several areas where Auger line shape
interpretation has provided considerable insight into local-
zation, charge transfer, polarization, and screemng pro-
cesses should convince many readers that the resuits
obtamnable from this approach are worth the effort.
However, Auger line shape analysis has not realized its full
potential because a quanutative interpretation 1s still a for-
midasle task in view of the many simultancous processes
and the many-body effects reflected in the total line shape.
Indeed, often just the extraction of the linc shape (ie
removal of the background and inelastic fosses) 1s not an
casy task.

One way to simplify these two tasks is to limit the
number of variables or to 1imit the number of simultaneous
processes. [ believe this is the direction of the future for
AES. and that much progress will be made in this area in
the coming years. The background and magnitude can be
controlled by positron induced AES, PAES [69-71] and
coincident techniques (Auger-photoclectron coincidence
spectroscopy, APECS {72]) The latter technique also con-
trols the intal state which .ontrols the magnitude of the
titial state satellites. A second way of controlling the initial
state is by utlizing a tunable photon source, such as a sya-
chrotron, to resonantly excite a core electron into a bound
state (i.e. via de-excitation electron spectroscopy, DES [73]).
By measuring the spin polarization of the Auger electrons
one gains additional information about the possible process
which caused them (74]). Spin polarized AES (SPAES) thus
has two aspects; namely it assists in interpreting the normal
N(E) spectra and it has the potential to provide useful infor-
mation in surface magnetism., Strong angular variations in
the Auger line shapes of adsorbed molecules have also been
observed [75, 76]. These angular vanations are of <ignifi-
cant help in determining the correct assignment of some of
the fine structure in the line shape.

We know that the Cini expression will continue to be
used on a wide variety of systems; even 1n the event of some
progress in developing a theory for unfilled and degenerate
bands. But much further work is needed to learn of its hmi-
tattons and validity for a wider variety of matenals.

Most Auger line shape interpretations to date have been
on homogencous solids, molecules, or at least on well char-
actenze: surfaces. And most interpretation schemes in the
past re zuire a one-clectron DOS, which 1s then utilized to
generate a self-fold for insertion into the Cini expression.
The DOS are normally obtained empinically as descnibed
above. But the future will demand a study of more complex
practical systems. As the technology moves to more
complex “engnecred” inhomogeneous materials such as
multi-clemental alioys, composites, matrices, high tem-
perature superconductors, and interfaces, AES is going to be
increasingly useful because of its ability to sample a site or
clement specific local DOS. Thus, the future of AES 1s
bright. but the theory must advance to be able to handle
these increasingly complex systems. Much work remains to
be done.
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